INTRODUCTION

Cannabinoids
are derivates of the Δ 9 -tetrahydrocannabinol, the active psychotropic compound of marijuana. However, cannabinoids are synthesised by plants, but also within the human body. 1 Endogenous cannabinoids or endocannabinoids regulate neuronal activity, but also control activation, differentiation and proliferation of a variety of non-neuronal cell types. 1 2 Cannabinoid signalling is regulated by at least three different mechanisms: (i) the expression levels of the individual cannabinoids receptors CB1 and CB2, 3 4 (ii) the relative ratio of CB1 and CB2 in a certain cell type or tissue and (iii) the levels of endocannabinoids. The levels of endocannabinoids are predominantly regulated by their degradation. The rate-limiting enzyme for the degradation of endocannabinoids is the serine hydrolase fatty acid amide hydrolase (FAAH). The importance of FAAH for the turnover of endocannabinoids is highlighted by a more than 15-fold increased level of endocannabinoids in FAAH-deficient mice (FAAH −/− ). 5 The prominent role of FAAH in cannabinoid turnover fostered the development of highly selective small-molecule inhibitors of FAAH that have recently been evaluated for the treatment of pain in patients with osteoarthritis.
We and others have previously shown that CB1 and CB2 have distinct roles in fibrosis. [6] [7] [8] Inhibition of CB1 ameliorates bleomycin-induced fibrosis, whereas inactivation of CB2 enhances experimental fibrosis. Although these studies demonstrate that modulation of individual cannabinoid receptors affects experimental fibrosis, they do not elucidate the role of endocannabinoids. In contrast to many synthetic cannabinoids, endocannabinoids are not selective for CB1 or CB2. Owing to the opposing effects of CB1 and CB2, endocannabinoids thus may exert profibrotic or antifibrotic effects depending on their predominant receptor. Given that FAAH is the major regulatory enzyme that determines the levels of endocannabinoids, we used FAAH −/− mice and selective inhibition of CB1 and CB2 to study the role of the endocannabinoid system and identify the predominant receptor in experimental fibrosis.
MATERIAL AND METHODS
Bleomycin-induced dermal fibrosis in FAAH-deficient mice
FAAH
−/− mice have been described previously.
−/− mice were backcrossed onto a C57Bl/6 background for at least six generations. Wild-type C57Bl/6 littermates (FAAH +/+ ) were used as controls. Skin fibrosis was induced by bleomycin as described. 9 Treatment with inhibitors of FAAH, CB1 and CB2
In subsets of experiments, mice were treated four times a day (qid) intraperitoneally (IP) with the FAAH inhibitor JNJ 1661010 (10 mg/kg), a combination of JNJ 1661010 (10 mg/kg/qid IP) and the CB1 antagonist AM281 (10 mg/kg/qid IP) or a combination of JNJ 1661010 (10 mg/kg/qid IP) and the CB2 antagonist AM630 (2.5 mg/kg/qid IP). JNJ 1661010, AM281 and AM630 were purchased from Biozol (Eching, Germany). AM281 and AM630 have been proved to effectively inhibit CB1 and CB2, respectively, in mice in the doses used herein. 6 7 10 Treatment with those inhibitors started in parallel to bleomycin challenge.
Evaluation of dermal fibrosis
The extent of fibrotic changes was determined by (i) measuring the dermal thickness, (ii) quantification of myofibroblasts and (iii) analyses of the hydroxyproline content, as described. 9 11-14 Immunofluorescence staining
Formalin-fixed, paraffin-embedded skin sections were stained for FAAH or CB1 (both Abcam, San Antonio, Texas, USA). Peroxidase labelled species-specific immunoglobulin antibodies (Dako, Glostrup, Denmark) were used as secondary antibodies. Images were captured at a 200-fold magnification. 15 
Statistics
All data are presented as median with IQR, and differences between the groups were tested for their statistical significance by non-parametric Mann-Whitney U test. A p value of <0.05 was considered statistically significant; p values are expressed as follows: *0.05>p>0.01; **0.01>p>0.001; ***p<0.001.
RESULTS
FAAH
−/− mice are more sensitive to bleomycin-induced skin fibrosis Bleomycin-induced dermal fibrosis was significantly more pronounced in FAAH −/− mice with highly increased levels of endocannabinoids ( figure 1A ). The mean increase in dermal thickening upon challenge with bleomycin in FAAH −/− mice exceeded dermal thickening in FAAH +/+ mice by 79% ( p=0.004) (figure 1B). The number of myofibroblasts and the hydroxyproline content were also significantly higher in FAAH −/− mice than in FAAH +/+ mice injected with bleomycin ( figure 1C,D) .
Pharmacological inhibition of FAAH exacerbates bleomycin-induced fibrosis
To confirm the increased sensitivity of FAAH −/− mice to experimental fibrosis by a pharmacological approach, bleomycinchallenged wild-type mice were treated with the selective FAAH inhibitor JNJ 1661010. Treatment of wild-type mice with JNJ 1661010 resulted in prominent exacerbation of bleomycin-induced fibrosis with significantly increased dermal thickening, myofibroblast counts and hydroxyproline content compared with sham-treated, bleomycin-challenged mice ( figure 2A-D) .
CB1 antagonists reverse the profibrotic effects of FAAH inhibition
To identify the major receptor for the effects of endogenous cannabinoids, CB1 and CB2 were specifically blocked by AM281 and AM630 in addition to inhibition of FAAH by JNJ 1661010. Simultaneous inhibition of CB1 and FAAH completely abrogated the profibrotic effects of FAAH inhibition ( figure 3A) . The mean dermal thickness, myofibroblast counts and hydroxyproline content in mice treated with AM281 and JNJ 1661010 were significantly reduced compared with a single treatment with JNJ 1661010 (reductions by 45%, 47% and 50%, p<0.003 for all) and did not differ from those obtained for sham-treated, bleomycin-challenged mice ( figure 3B-D) . In contrast to the antifibrotic effects of the CB1 antagonist, inhibition of the CB2 receptor by AM630 further enhanced fibrosis. However, the relative effects were less pronounced than for CB1 inhibition with modest increases of dermal thickness, myofibroblast counts and hydroxyproline content compared with bleomycin-challenged mice treated with the FAAH inhibitor JNJ 1661010.
Decreased expression of FAAH in systemic sclerosis (SSc) fibroblasts
To confirm the relevance of our findings for the pathogenesis of SSc, we analysed the expression of FAAH and CB1 by immunohistochemistry. Staining for FAAH was decreased in patients with SSc as compared with healthy individuals (see supplementary figure S1 ). Although double staining with markers of fibroblasts was not performed, the morphology of FAAH positive cells indicated that fibroblasts in healthy skin express FAAH. In contrast, FAAH was barely detectable in skin from patients with SSc. The differential expression of FAAH was confirmed in cultured fibroblasts with a 42±12% reduction of FAAH mRNA in SSc fibroblasts ( p<0.05). CB1 staining was seen around inflammatory infiltrates in a subset of patients with SSc, whereas only few scattered cells stained positive for CB1 in the skin of healthy individuals.
DISCUSSION
The levels of endocannabinoids are mainly regulated at the level of degradation. FAAH is the rate-limiting enzyme for the degradation of endocannabinoids. 5 We demonstrate in this study that the increase in endocannabinoid levels exacerbates experimental fibrosis. Genetic or pharmacological inactivation of FAAH significantly increased dermal thickening, enhanced differentiation of resting fibroblasts into myofibroblasts and raised hydroxyproline levels upon challenge with bleomycin. Based on these findings, it can be speculated that an increase of the cannabinoid levels induced by cannabinoid abuse-for example, by smoking marijuana, may also enhance the sensitivity to fibrotic stimuli. Indeed, cannabinoid abuse was identified as a risk factor of progression of fibrosis in patients with chronic hepatitis C. 16 Although the expression of FAAH mRNA and protein is decreased in SSc, the levels of endocannabinoids upon pharmacological or genetic inactivation of FAAH probably exceed those in SSc and further studies in humans are needed to establish a general link between cannabinoid levels and fibrosis. These findings suggest that attention should be paid to cannabinoid abuse in patients with fibrotic diseases.
We and others demonstrated previously that CB1 and CB2 are both implicated in the pathogenesis of fibrotic diseases, 6-8 17-19 probably by regulating T cell function and Th1/Th2 responses. 20 To determine the predominant receptor that mediates the effects of increased endocannabinoids, bleomycin-challenged mice were simultaneous treated either with inhibitors of CB1 and FAAH or inhibitors of CB2 and FAAH. Inhibition of CB1 completely prevented the exacerbation of fibrosis upon FAAH inactivation. In contrast, inactivation of CB2 only modestly enhanced bleomycin-induced fibrosis. These findings demonstrate that CB1 is the dominant receptor for endocannabinoids in experimental fibrosis and that the enhanced activation of CB1 mediates the increased susceptibility to fibrosis upon increase of cannabinoid levels. For the development of targeted treatments, these findings may also indicate that inhibition of CB1 may be a more promising approach than activation of CB2, at least from a pathophysiological perspective. However, given the physiological roles of CB1-for example, in nociception and regulation of appetite, careful monitoring will be needed. Although evidence for a key role of cannabinoids in SSc is accumulating, 6-8 17-19 several key questions need to be answered: Are the levels of particular endocannabinoids altered in SSc? How are cannabinoids modulating the release of profibrotic mediators by leucocytes? Do endocannabinoids also play a role in vascular disease in SSc?
In summary, we demonstrate that enhanced endocannabinoid levels upon inactivation of FAAH worsen experimental fibrosis and that these effects are predominantly mediated by CB1. Our findings may have other implications as they suggest that (i) cannabinoid consumption should be avoided in fibrotic diseases and (ii) CB1 maybe a more promising candidate for targeted treatments in fibrotic diseases than CB2.
